There is agreement that persistent hypercortisolism in the immediate postoperative period indicates surgical failure (13) . Patients who only normalize serum and/or urinary cortisol have a significantly higher risk of hypercortisolemia on long-term follow-up, compared with those with low/undetectable serum cortisol levels in the immediate postoperative period (2, 8, 17) . It has been suggested, and in many centers is common practice, that any patient who is not hypoadrenal in the immediate postoperative period should receive further treatment (15, 18) . However, in some patients, serum cortisol levels may undergo a delayed decline after pituitary resection, suggesting that a longer follow-up over 6 -12 wk after surgery may be more accurate (12, 19, 20) .
The aim of the present study was to analyze retrospectively the outcome in 620 patients with CD from three referral centers (one in Boston and two in Milan) who underwent transsphenoidal surgery (TSS) between 1982 and 2007 to characterize subjects who experienced a delayed decline of cortisol levels after TSS, leading to reclassification of the surgical outcome. Such patients are important to identify so that they may be spared unnecessary additional therapy.
Subjects and Methods

Subjects
The study was a retrospective chart review of 620 cases of CD after TSS performed at tertiary care centers in the United States and Italy. A total of 219 patients were evaluated for CD in the United States (Massachusetts General Hospital, Boston, MA) from 1998 to 2007, and 401 patients were evaluated at two clinical centers in Milan, Italy (Ospedale San Luca, Istituto Auxologico Italiano, and Istituto Scientifico San Raffaele) from 1982 to 2007. Of the 401 patients in Italy, 262 (214 females and 48 males; mean age, 38.4 Ϯ 0.8 yr) were described in a previous study investigating TSS efficacy and safety in a large series of patients with all types of pituitary adenomas. In that paper (21) , no evaluation of the endpoint of this study, the possible delayed decline in cortisol levels, was performed. Recurrence data from the U.S. series have been previously reported without analysis of delayed cures (22) .
Mean follow-up for the Italian series was 56 Ϯ 48 months (range, 1-300) vs. 25 Ϯ 30 months (range, 1-131) in the U.S. cohort (P Ͻ 0.001). The diagnosis of CD was made after clinical, biochemical, and radiological evaluation. Although patients were referred to tertiary centers based upon different local testing protocols, all had abnormal values on at least two of the following tests as described in recent consensus guidelines: 24-h urinary free cortisol (UFC), late-night salivary or serum cortisol, 1-mg overnight dexamethasone suppression test (ODST), 2-d lowdose dexamethasone suppression test, and the combination of low-dose dexamethasone suppression test and ovine or human CRH stimulation test (23) .
A pituitary source of Cushing's syndrome was determined using standard criteria including plasma ACTH levels, CRH test, high-dose dexamethasone suppression test, and combined lowdose and high-dose dexamethasone suppression tests.
Imaging studies included either pituitary gland magnetic resonance imaging (MRI) or computed tomography, the latter performed in earlier patients and in those patients unable to undergo an MRI. Bilateral inferior petrosal sinus sampling was performed in the U.S. series for pituitary lesions less than 10 mm in diameter and in Italy when the MRI was negative or when it showed a microadenoma but hormone testing was indicative of a potential ectopic source. A single pituitary surgeon performed all operative procedures in the United States, whereas in the Italian series, TSS was performed by two pituitary surgeons. Histopathology to confirm the diagnosis of ACTH-staining adenoma was performed when tissue was available (98% of cases).
Postoperative testing varied with individual center practice; it was performed within 3 d after the operation in almost all patients and on the fourth or fifth day in a few patients. Institutional Review Board approval was obtained at each institution (Partners Health Care Institutional Review Board, Boston, MA; Istituto Auxologico Italiano Ethical Committee, Milan, Italy; and Istituto Scientifico San Raffaele, Ethical Committee, Milan, Italy).
Postsurgical evaluation included: 1) morning serum cortisol; 2) 24-h UFC collection; 3) plasma ACTH (only in the Italian series); and 4) ODST (only in the Italian series).
Postoperative classification of surgical outcomes
Classification into three groups was made a posteriori (i.e. in retrospect) based on eventually stabilized cortisol levels.
We defined three groups of patients based upon the timing of the postoperative nadir cortisol levels: controlled, not controlled, or delayed control. The word "control" is used for all patients who are no longer hypercortisolemic and have cortisol levels within or below the normal range immediately after surgery. This group includes both patients who would be considered in remission/cured based on profound hypoadrenalism as well as patients whose immediate postoperative cortisol levels have decreased into the normal range. Traditionally, patients who are adrenally insufficient after surgery for CD are considered cured/in remission, whereas patients with "normal" cortisol levels are not. However, in this analysis, patients with cortisol levels within or below the normal range are grouped together because all such patients were no longer hypercortisolemic and did not receive further therapy for CD.
Immediate control (IC) group
Patients in this group had UFC below 70 g/24 h (193 nmol/d) on d 2-3 after TSS for the U.S. cohort or below 80 g/24 h (221 nmol/d) on d 3 for the Italian cohort; and/or, when UFC measurements were not available, they had serum cortisol levels within the normal range and/or suppression of serum cortisol in response to an ODST ͓Ͻ5 g/dl (138 nmol/liter)͔. All patients in this group maintained this testing pattern at subsequent evaluation(s).
No control (NC) group
Patients in this group had UFC above 70 g/24 h (193 nmol/d) on d 2-3 after TSS for the U.S. cohort or above 80 g/24 h (221 nmol/d) on d 3 for the Italian cohort; and/or, when UFC measurements were not available, they had normal serum cortisol concentrations and/or failure to suppress serum cortisol in re-sponse to an ODST. All patients in this group maintained this testing pattern at subsequent follow-up.
Delayed control (DC) group
This group includes patients who were either hypercortisolemic in the immediate postoperative period but whose UFC levels subsequently decreased to eu-or hypocortisolemia, or patients who were eucortisolemic in the immediate postoperative period who became hypocortisolemic at subsequent evaluation(s).
Recurrence criteria
Criteria for recurrence included at least two of the following: 1) elevated serum cortisol; 2) elevated 24-h UFC; 3) failed ODST ͓Ͼ5 g/dl (138 nmol/liter)͔; or 4) abnormal serum cortisol during the combination of low-dose dexamethasone suppression test and ovine or human CRH stimulation test.
Exclusion criteria
Six patients were excluded because adequate postoperative testing was not available. The total number of patients included in the analysis was therefore 620 of a possible 626.
Glucocorticoid replacement therapy
Patients in the U.S. cohort were discharged within 48 h postoperatively before adequate cortisol testing could be completed. Therefore, a low dose of dexamethasone (1-2 mg/d) was administered for patient safety in the outpatient setting given the high rate of adrenal insufficiency after adenomectomy for CD. In the Italian cohort, glucocorticoids (cortisone acetate) were withheld for at least 24 h while biochemical testing was performed on inpatients in the immediate postoperative period.
Hormone assays
In the U.S. series, plasma ACTH was measured using a commercial immunoluminescent kit (Immulite 2000; Siemens Medical Solutions Diagnostic, Los Angeles, CA). The intraassay variability was 6.7-9.5%, and interassay variability was 6.1-10%. Serum and UFC were measured using a chemiluminescent microparticle immunoassay (Abbott Diagnostics, Chicago, IL), with a total coefficient of variation (CV) of 2.5-7.7% and an intraassay CV range of 2.1-6.1%. Normal ranges are: ACTH, 6 -76 pg/ml (1.3-16.7 pmol/liter); UFC, 20 -70 g/24 h (55-193 nmol/24 h); and serum cortisol, 5-25 g/dl (138 -690 nmol/ liter). In one of the Italian centers, plasma ACTH and serum cortisol were measured by immunometric assay (Liason; Nichols Institute, San Juan Capistrano, CA). UFC was measured by RIA after urine extraction with dichloromethane (Byk-Sangtec Diagnostica, Dietzenbach, Germany). Intra-and interassay CVs were 3.2 and 8.2% for ACTH, 3.0 and 4.7% for serum cortisol, and 3.5 and 6.2% for UFC, respectively. Normal ranges are: ACTH, 10 -80 pg/ml (2.2-17.6 pmol/liter); serum cortisol, 2-25 g/dl (55-690 nmol/liter); and UFC, 20 -80 g/24 h (55-221 nmol/24 h). In the other Italian center, plasma ACTH level was measured by chemiluminescence immunoassay (Nichols Advantage ACTH assay; Nichols Institute Diagnostics, San Juan Capistrano, CA). The intraassay CV is 8.4, 6.4, and 6.9% at ACTH concentrations of 6 pg/ml (1.3 pmol/liter), 12.9 pg/ml (2.8 pmol/ liter), and 214.6 pg/ml (46.5 pmol/liter), respectively. Serum cortisol was measured by competitive enzyme immunoassay (AIA-PACK CORT; Tosoh, Tokyo, Japan). The intraassay CV is 5.9 -3.8% for cortisol values of 1.8 and 13 g/dl (50 and 360 nmol/ liter), respectively. In the early years of the series, measurements were performed by RIA, whose characteristics have been previously described (24) .
Statistical analysis
Data are presented as mean Ϯ SD for descriptive statistics. To compare groups IC, NC, and DC, a closed testing procedure was used for multiple comparisons (25) . ANOVA was used for continuous variables, and Fisher's exact or 2 test was used for nominal variables. If the three-way comparison was found to be significant, then the three pairwise comparisons were also tested.
Stepwise logistic regression was used to identify clinical variables (age, sex, biochemical testing before surgery, pattern of cortisol change after surgery, MRI results, pathology findings, and previous TSS for CD) that might predict remission. Stepwise logistic regression was performed using SAS PROC LOGISTIC. All categorical predictors were included in a model that pooled the U.S. and Italian data. Because the assays were different in the two countries, we standardized hormone levels to put values on the same scale. Computing Z-score was done separately in the two countries, subtracting the mean from each value and dividing by the SD. Stepwise proportional hazards regression was used to identify predictors of relapse using SAS PROC PHREG. A P value threshold of 0.05 was used for variable entry and inclusion in the final model. Kaplan-Meier survival estimates were used to compare relapse rates. Difference in the survival curves between group IC and group DC was calculated by log-rank test. All analyses were done using SAS version 9.1 (SAS Institute Inc., Cary, NC), and two-sided P values Յ0.05 were considered evidence of statistical significance.
Results
Establishing surgical outcomes
The outcome after surgery was classified as shown in Fig. 1 .
FIG. 1. Postoperative outcomes in our series of 620 TSS interventions.
Grey circles represent patients with delayed control of cortisol on subsequent evaluation, including 18 patients who became hypoadrenal and 17 who became eucortisolemic.
Group IC
Of the 620 patients with adequate follow-up data, 446 were hypocortisolemic (n ϭ 327) or eucortisolemic (n ϭ 119) in the immediate postoperative period (postoperative d 1-3).
Group NC
Of the 620 patients, there were 174 patients with early postoperative hypercortisolemia. A total of 148 patients had persistent hypercortisolism, even at late evaluation.
Group DC
This group includes 35 patients who experienced a delayed decline in UFC levels. Nine of the 119 patients described above with initial eucortisolism became hypoadrenal (7.5%) (Fig. 2, patient 18) , and of 174 patients with initial hypercortisolism, nine (5%) became hypoadrenal (Fig. 2, patient 22 ) and 17 (9.8%) became and remained euadrenal (Fig. 2, patient 15) . The delayed decrease to low/normal UFC levels was documented at a mean of 38 Ϯ Long-term follow-up data were available in 118 of 148 patients in group NC. In these patients with persistent hypercortisolism, a second intervention (medical therapy, radiation, adrenalectomy, transcranial surgery, TSS) was performed 9 to 2700 d after TSS (mean, 262 Ϯ 340 d). Of those, a number of patients with persistent hypercortisolemia underwent a second intervention within 43 d after TSS (mean, 23 Ϯ 8 d; range, 9 -43 d). This range overlaps with the period in which spontaneous delayed UFC normalization was documented in several group DC patients. Tables 2 and 3 display clinical variables and demographic information for group DC.
Characterization of DC and comparison of variables between groups
The female:male ratio was significantly higher in group DC compared with group NC (P ϭ 0.047). Patients in group DC were significantly older than those in group IC (44 Ϯ 12 vs. 37 Ϯ 13 yr; P ϭ 0.002).
FIG. 2.
Examples of individual time courses of UFC after TSS. UFC is scaled. Data were standardized so that the horizontal reference line at Ϫ1 represents the lowest limit of the normal range and the horizontal reference line at ϩ1 represents the upper limit of the normal range. Note that the vertical axes of the three panels do not span the same region of the normal range.
The results of biochemical testing related to the initial diagnosis of CD are presented in Tables 2 and 3 . Before surgery, there was a significant difference in ACTH Z-score among the three groups in the overall cohort (P ϭ 0.003), but when group IC or NC was compared separately with group DC, the difference was no longer significant (Table 2) . Similarly, preoperative serum cortisol, which was measured only in the Italian series, was significantly different only in the three-way comparison (P ϭ 0.017). Preoperative UFC Z-score was significantly higher in group DC as compared with group IC (P ϭ 0.0036).
Imaging studies of the pituitary gland were obtained in all patients. As shown in Table 2 , almost two thirds of patients with imaging of the pituitary gland had a positive study. Patients in group IC were more likely to have a microadenoma than a macroadenoma (86 vs. 14%) when compared with those in group DC (77 vs. 23%) or NC (76 vs. 24%) (P ϭ 0.015). No significant difference in the ratio of microadenoma to macroadenoma was found when either group IC or group NC alone was compared with group DC.
Histopathology reports were available in 609 (98%) of the 620 patients. Patients in group IC were more likely to have pathological confirmation of CD (85%) compared with either group DC (68%) or group NC (49%) (P Ͻ 0.001). When groups were analyzed separately in relation to group DC, positive pathology remained significantly more prevalent in group IC (P ϭ 0.017).
Patients in group IC had significantly lower postoperative ACTH levels (available in 383 patients) compared with those in the other two groups (P Ͻ 0.001). ACTH levels in group DC (25 Ϯ 14 pg/ml) were significantly lower than in group NC (57 Ϯ 49 pg/ml; P ϭ 0.03) and higher than group IC (12 Ϯ 9 pg/ml; P Ͻ 0.001). Postoperative plasma ACTH levels were correlated with serum cortisol (r ϭ 0.25; P Ͻ 0.001) and with UFC (r ϭ 0.37; P Ͻ 0.001) concentrations after surgery.
Predictors of persistent hypercortisolism
The potential correlation between clinical and biochemical characteristics and persistent hypercortisolism (group NC) was assessed using a logistic regression model. When preoperative variables (age, gender, visualization of an adenoma at MRI, histological confirmation of an adenoma, previous surgery, ACTH, and preoperative UFC Z-scores) were included in the model, the only statistically significant positive predictors of persistent hypercortisolism were the lack of histological confirmation of an adenoma [odds ratio (OR), 8.36; 95% confidence interval (CI), 5-13.9; P Ͻ 0.001͔ and an elevated ACTH Z-score (OR, 1.5; 95% CI, 1.16 -2; P Ͻ 0.0022). Patients with a microadenoma (OR, 0.36; 95% CI, 0.2-0.6; P Ͻ 0.001) and those without a history of previous TSS (OR, 0.52; 95% CI, 0.28 -1; P Ͻ 0.05) were less likely to demonstrate persistent hypercortisolism.
Relapse rate
Biochemical recurrence of CD was documented in 62 patients (13%) after initially successful TSS over the median follow-up period of 66 months. Mean duration of follow-up after surgery for patients in group IC (48 Ϯ 46 months; median, 35, range, 1-300) was similar to those in group DC (40 Ϯ 34 months; median, 38, range, 1-123; P ϭ 0.31).
The relapse curves of the two groups were significantly different (P ϭ 0.018) (Fig. 3) .
At 1 yr, surveillance data for recurrent CD were available in 334 patients [311 in group IC (71%) and 23 in group DC (65.7%)]. The Kaplan-Meier analysis showed that the cumulative relapse rate 1 yr after TSS was 1.5% for group IC and 0% in group DC. At 4.5 yr, surveillance data for recurrent disease were available in 191 patients [177 in group IC (43.7%), and 14 in group DC (40%)]. Survival analysis 4.5 yr after TSS showed that the cumulative rate of recurrence was significantly higher in group DC compared with group IC (43 vs. 14%; P ϭ 0.02).
Preoperative characteristics of the eight patients in group DC who developed recurrent CD are shown in Table 3 . Five of them had developed delayed normalization of their UFCs from initially elevated levels, whereas three had developed delayed hypocortisolism from early normal (two of three) and elevated UFC (one of three), respectively.
Discussion
These data show that, in a small but significant number of patients with CD (5.6% overall) after TSS, the immediate 22 (7) 21 (5) 26 (20) postoperative biochemical testing may be misleading. In our study, 18% of patients with initial postoperative hypercortisolism developed delayed low or normal cortisol levels after an average of 45 Ϯ 53 d. In addition, 8% of patients with initial postoperative eucortisolemia subsequently became hypocortisolemic after an average of 25 Ϯ 42 d. Overall, these data demonstrate that cortisol levels may further decline after the initial postoperative period in some patients, which has important implications for decisions regarding the timing of additional therapy. Hormonal measurements several weeks after surgery in those patients who are not immediately hypoadrenal may better reflect the true surgical outcome. Because patients with persistent hypercortisolism in the immediate postsurgical period are often referred for additional treatment (15, 18) , this group of patients is important to recognize. A few previous studies have shown that cortisol levels 1-3 months after surgery may be, on average, significantly lower than those measured within the initial 2 wk, raising the possibility that early hormonal assessment might not accurately reflect the ultimate outcome (5, 19). Toms et al. (19) found that serum cortisol concentrations reached a delayed nadir (Ͻ1.3 g/dl) at 6 -12 wk, and this value better correlated with sustained remission. McDonald et al. (26) reported two patients who showed restored suppression with dexamethasone after 30 and 180 d, respectively. In the report of Rollin et al. (27) , two patients who were not on glucocorticoid replacement showed a progressive decline of cortisol from normal levels 1 d after surgery to the hypoadrenal range (2.2 and 1.3 g/dl) after 90 and 30 d, respectively. Similarly, Pereira et al. (20) found that six of 30 (20%) patients with serum cortisol levels higher than 5 g/dl 2 wk after surgery had a nadir serum cortisol below 1.8 g/dl when assessed after 6 -12 wk and showed permanent remission. A recent study of 426 patients, which focused mainly on the long-term results of pituitary surgery as compared with other therapeutic procedures, included 17 patients with early failure to suppress to 2 mg-ODST and who suppressed normally after 3 months (12). In our series, the largest ever studied, 35 patients of the total cohort of 620 (5.6%) experienced a delayed decline in cortisol levels. This included 26 patients with elevated and nine with normal UFC in the immediate postoperative period who later attained eu-or hypoadrenalism between 4 and 180 d after surgery, and this remission persisted in 77% at 40 Ϯ 34 months of follow-up. Of note, in one patient with normal UFC 6 wk (43 d) after TSS, hypoadrenalism was documented 12 wk later, suggesting that a longer follow-up may be needed in some cases. Perhaps some of our 10 patients who were thought to have persistent hypercortisolism and underwent early reoperation (within 1 month) might have spontaneously developed hypocortisolism or normalization on later testing if further treatment had not been administered.
This suggests that waiting until cortisol levels reach a nadir before considering further treatment may be advisable to spare some patients a second unnecessary intervention. Indeed, repeat surgery is associated with a lower remission rate and a higher prevalence of complications, such as pituitary deficiency (5-13). The long-term safety of alternative treatments, such as radiotherapy, is still under debate (28, 29) . Moreover, the risk associated with persistent hypercortisolism during the follow-up period is another important issue to consider. In some cases, medical management of hypercortisolemia with reevaluation may be considered. However, delaying reintervention may further decrease the surgical success rate, although this is controversial in the neurosurgery literature (15) . Thus, although prospective studies are needed to establish the optimal strategy for the management of apparently uncured CD, a careful evaluation of the individual risk to benefit ratio in each patient should be performed by clinicians and surgeons, before opting for a waiting approach.
Patients with delayed hypocortisolism/normalization showed mean UFC levels early after surgery that were significantly lower than those of patients in the group with persistent hypercortisolism. Further studies are needed to determine the optimal postoperative test and the timing that best predicts ultimate outcome. It is important to note that UFC measurement is not an accurate test for the diagnosis of hypoadrenalism, but it was used in this study as a postoperative tool for classifying patients into three groups and to demonstrate a declining postoperative cortisol trend. A recent study suggests that salivary cortisol levels, rather than UFC, may be more reliable (30) .
The mechanisms of a late decline in cortisol after TSS are unclear. There may be adrenal hyperplasia with partial autonomy from chronic exposure to elevated ACTH levels during the active phase of the disease that gradually resolves. We cannot assess this possibility because adrenal scans are not routinely performed in patients whose biochemical testing confirms ACTH-dependent Cushing's syndrome. However, patients in the Italian series who experienced delayed hypocortisolism or normalization had significantly higher ACTH levels in the immediate postoperative period compared with those with confirmed hypocortisolism, arguing against adrenal autonomy as the cause. Pereira et al. (20) did not find any differences in ACTH levels between delayed and early cured patients. Alternatively, the delayed decline of cortisol may be explained by late necrosis of residual corticotroph adenoma cells after surgical manipulation. Indirectly supporting this is that lack of histological confirmation of an adenoma was more common in those patients with delayed hypocortisolism or normalization, suggesting that these cells may have been damaged in situ as opposed to surgically removed.
Indeed, as mentioned above, early postoperative ACTH levels in the Italian patients with delayed hypocortisolism or normalization fell between the two extremes of low and very high levels observed in group IC and group NC, respectively, and correlated with serum cortisol levels. This suggests that some residual adenomatous cells were still actively secreting ACTH during the early postoperative testing period. It is also possible that cyclical cortisol secretion may play a role in variable postoperative levels (31) . The hypothesis of cortisol cyclicity may be further supported by the finding of an increased risk of recurrence in those patients with delayed remission (43% in group DC vs. 14% in group IC at 4.5 yr). However, cyclic cortisol would not explain the 18 patients who exhibited late hypoadrenalism. In addition, visualization of an adenoma on MRI and UFC Z-score were the only independent predictors of recurrence in our series, in accordance with others (8, 17) , suggesting that classification of patients in the IC and DC groups did not have an independent association with the risk of recurrence. Recent observations suggest that cyclical cortisol secretion may be present in up to 15% of patients with CD and may be associated with a trend of lower cure rate (32). Alexandraki et al. (32) showed that about 20% of patients with cyclicity recurred after TSS. Interestingly, serum cortisol levels were higher than 1.8 g/dl (50 nmol/liter) early after surgery in four of the six patients with cyclicity who were cured, and then gradually decreased over 3-7 d.
Patients in the DC group were more likely to have had macroadenomas, perhaps because larger tumors were more likely to be incompletely resected, with delayed death of residual cells. The potential presence of residual adenoma cells is another finding that may account for the increased risk of recurrence in the DC group. The retrospective and three-center design of this study are limitations because there were different diagnostic approaches, analysis techniques, and pituitary surgeons. It is unlikely, however, that the large numbers of patients required to demonstrate the frequency of delayed remission could be attained without a multicenter study. The widely variable time points of postoperative assessment are another important limitation because it precludes a definitive suggestion regarding the timing of follow-up frequency and duration. Although our data do not provide conclusive clinical guidelines, they suggest that close follow-up of patients until hormonal parameters stabilize may be the best monitoring strategy to establish a reliable classification of surgical outcomes and avoid unnecessary surgery or other treatments.
Postoperative cortisol assessment in U.S. patients while on dexamethasone treatment represents another limitation. However, patients were prescribed a low dose (1-2 mg/d) of dexamethasone because this is the dose used in the initial diagnosis of CD that does not suppress cortisol.
In conclusion, we show that a subset of patients with CD who are not hypoadrenal within the first 2-3 d postoperatively may undergo a spontaneous late remission. The finding of such wide variability of cortisol dynamics in the postoperative period argues against immediate retreatment for these patients and suggests that longer follow-up and retesting may be advisable to avoid unnecessary treatment.
